The heat shock response is a cellular response to stress that is characterized by increased synthesis of certain proteins that are normally synthesized at lower rates during nonstress conditions. The rate of synthesis may increase 10-to 100-fold over the basal levels of synthesis during a short interval, i.e., 5 to 10 min (8, 13, 20) . In the course of the response, synthesis of other proteins may be reduced or, occasionally, stopped (8, 13, 20) .
The heat shock response has been found in a wide range of eucaryotic and procaryotic cell types that have been analyzed specifically for this response. The heat shock response was described originally in relation to thermal stress, but subsequently some of the heat shock proteins (hsps) have been shown to be inducible by a wide variety of other stresses, e.g., low pH and oxidizing agents (8, 13, 20) . The functions of many of these proteins are not known, but this stress-induced response is thought to protect against adverse environmental conditions. For instance, heat shock response occurs in mammalian cell culture systems that have been exposed to certain gene products of viruses such as adenovirus and herpes simplex virus (21, 22) . Some hsps are surface exposed. A recent report indicates that a cell surface tumor-specific transplantation antigen is a heat shock-related protein (25) . hsps are necessary for DNA replication of the Escherichia coli bacteriophage lambda (9) . The hsp GroEL of E. coli has recently been shown to be a "chaperone" protein that may facilitate membrane translocation of both secreted proteins, such as ,-lactamase, and outer membrane proteins, such as pro-OmpA (4, 12) .
The relationship of hsps of pathogens to the disease process is less clear. A recent report has indicated that the 65,000-molecular-weight protein of Mycobacterium tuberculosis, which stimulates antibody production during natural infection and is associated with the induction of adjuvant arthritis in rats, is an hsp (27, 28) .
The parasitic protozoans Trypanosoma brucei and Leish-* Corresponding author.
mania major, when shifted from 25°C to 37°C under in vitro conditions, which mimics thermal conditions encountered by the parasites during transmission from invertebrate host of mammalian host, exhibit the heat shock response during the differentiation process to the mammal-adapted form. These hsps may play a role in differentiation of these parasites in vivo (26) . Theoretically, a similar response might occur in gonococci and other pathogens prior to and during environmental stresses of breaching host defenses to establish infection to become facultative intracellular parasites (17, 18) . Thermal stress is but one of many inducers of the heat shock response, which results in preferential overproduction of this class of proteins. In the studies reported here, thermal stress was chosen as the type of stress to induce the heat shock response in the gonococcus because it can be precisely controlled and reproduced. 36°C with 3% CO2 in a highly humidified atmosphere containing air. Colonies were then inoculated into a chemically defined minimal medium described previously (11) , except that it lacked methionine and was supplemented with a 50 ,uM concentration of each of the amino acids except methionine. This minimal medium, after inoculation with gonococci, was incubated for 6 to 8 h at 35°C with shaking at 180 rpm in air. Gonococci were used in subsequent experiments when in log phase (ca. 5 x 107 bacteria per ml), as determined by colony count. Gram staining was used to test the purity of cultures.agar (15) . Gonococcal minimal medium lacking methionine was used as the liquid growth medium. Log-phase organisms grown at 35°C with shaking in air were used in subsequent experiments.
MATERIALS AND METHODS
Induction of heat shock response. A range of temperatures, i.e., 42 to 46°C, was initially selected to establish the optimum temperature for induction of the heat shock response in gonococci. Control cultures were radioactively labeled at 35°C. Thereafter, in individual experiments a chosen water bath temperature (44.5°C) was maintained during the period of induction and labeling of gonococcal proteins with radioactive methionine as described below. The criterion for optimum response to thermal induction was increased production of selected proteins, with decreased synthesis of some other gonococcal proteins. An internal reference protein whose level of synthesis was not appreciably altered at the temperatures used served as a control for comparing rates of synthesis under heat shock and non-heat shock conditions. The difference in the levels of protein synthesis was readily apparent upon comparison of autoradiograms of control (35°C) and test (42 to 46°C) lanes containing equal amounts of gonococcal proteins separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to autoradiography. The Lowry method was used to monitor protein concentrations (14) .
E. coli strains were induced to produce hsps at 42.5°C. Controls were labeled at 35°C.
Radioactive labeling of gonococcal proteins and E. coli proteins. New protein synthesis in the gonococcus at 35°C and during thermal stress was examined by adding L-[35S]methionine (Amersham) at 10 ,uCi/ml of methionine-free minimal medium (10) during specified time intervals after exposure to thermal stress. Radioactive labeling of control specimens was done at 35°C but in an otherwise identical fashion during identical time intervals. Unless otherwise stated, gonococcal proteins and E. coli proteins were labeled with radioactive methionine for 10 min during the time interval 5 through 15 min after the imposition of thermal stress. This time interval was chosen because of the known time course of the heat shock response with E. coli (20) and was subsequently established for gonococci. Radioactive labeling of proteins was stopped by the addition of a >10,000-fold excess of nonradioactive methionine to the minimal medium cultures, otherwise free of nonradioactive methionine, followed by centrifugation in a microcentrifuge (Eppendorf) at 12,500 x g for 2 min. The SDS-PAGE and isoelectric focusing. After the cells were pelleted, they were lysed in SDS sample buffer (10) (10% [vol/vol] Radioactive pulse-labeling of proteins. In order to establish the time course of the heat shock response in relation to thermal stress, identical sets of 1-ml cultures of log-phase gonococci in minimal medium lacking methionine were processed in the following fashion. One set was maintained at 35°C during the experiment. The second set was shifted to 44.5°C at time zero. One-milliliter portions were radioactively labeled for 5 min each with radioactive L-
[35S]methionine (50 ,uCi) at 5-min intervals over a time course of 50 min. Radioactive labeling of gonococcal proteins was stopped by adding 10 volumes of ice-cold acetone and by placing the portions on ice. This method of stopping the radioactive labeling of gonococcal proteins was chosen because it instantaneously halts protein synthesis, insolubilizes proteins, and is technically easy to perform when processing samples in rapid succession. The samples were centrifuged at 4,000 x g for 10 min, and the supernatant was discarded. The pellet was subsequently washed twice in acetone. Residual acetone was removed by vacuum evaporation, and samples were dissolved in SDS sample buffer and stored at -20°C as described above until examined by SDS-PAGE.
Preparation of Sarkosyl-insoluble membrane fractions. Outer membranes of gonococci were prepared by Sarkosyl extraction in the following manner (7, 9) . Log-phase gonococci in gonococcal minimal medium (125 ml) were radiolabeled with L-[35S]methionine for 10 min at 35 or 44.5°C as described above, followed by the addition of excess unlabeled L-methionine. The gonococci were centrifuged at 12,000 x g for 10 min at 4°C. The pellets were then suspended in 10 ml of 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) containing 0.1% (vol/vol) protease inhibitor (10 mM phenylmethylsulfonyl fluoride [PMSF] in isopropanol). The cells were disrupted by vortexing with 150-,um-diameter glass beads for 2 min on a Vortex genie at the maximum setting. Subsequently, sonication with a Branson sonifier (setting, 3; duty cycle, 50%; duration, 2 min, on ice) was used to further disrupt the cells, followed by incubation with DNase I (40 ,ug/ml)-RNase (40 ,ug/ml) in 1 mM MgCl2 at 37°C for 15 min. Centrifugation at 3,000 x g for 10 min at 4°C was performed to remove cell debris, and the supernatant was subjected to centrifugation (20 min at 100,000 x g, 4°C) to pellet the membrane fraction. The pellet was resuspended in HEPES buffer-PMSF and subjected to centrifugation (60 min at 100,000 x g, 40C). The remaining membrane pellet was resuspended in HEPES buffer-PMSF to a concentration of 1% (wt/vol) N-lauroylsarcosine (Sarkosyl) for 10 min at room temperature. The Sarkosyl-insoluble fraction was sedimented at 100,000 x g for 60 min at 40C and washed in HEPES buffer-PMSF. A final centrifugation was performed (100,000 x g for 60 min at 40C). The membrane pellet was resuspended in HEPES buffer-PMSF and stored at -200C until used. Aliquots of whole, radioactively labeled gonococci were saved and frozen prior to membrane preparations for subsequent comparison with membrane fractions. Gonococcal protein concentrations were determined by the method of Lowry et al. (14) . The method of Bradford (2) was used to determine the protein concentration of E. coli DH1.
Lactate dehydrogenase analysis was used to assay the purity of Sarkosyl membrane preparations (3).
Preparation of E. coli proteins and rabbit polyclonal antiserum. The DnaK and GroEL proteins of E. coli, with molecular weights of 70,000 and 66,000, respectively, have previously been isolated and purified, and polyclonal rabbit antisera have been raised against them (6, 29) . Serum was obtained from rabbits prior to immunization for subsequent testing in Western blots (immunoblots) as a negative control.
Immunoblotting. Western blots of gonococcal antigens were prepared by standard techniques (5 Immunoprecipitation. Equal amounts of radioactively labeled protein from heat-shocked and non-heat-shocked gonococcal (RDH68) and E. coli (DH1) proteins were solubilized in 0.5% SDS-0.5% 2-mercaptoethanol at 95°C for 5 min (1). These extracts were centrifuged for 60 min at 18,000 rpm in a Beckman JA-20 rotor at 4°C, and the supernatants were diluted twofold and adjusted to 1% Triton X-100-1% deoxycholate-100 mM NaCl. Samples were immunoprecipitated with a 1/10 volume of anti-DnaK serum for 90 min on ice. The immunoglobulin-antigen complexes were precipitated with a 10% suspension of Formalin-fixed Staphylococcus aureus (Cowan strain I; Sigma Chemical Co.) and pelleted at 10,000 rpm for 1 min in a JA-20 rotor. The pellets were washed twice in 50 mM Tris hydrochloride (pH 7.4)-150 mM NaCl-1% sodium deoxycholate-1% Triton X-100-0.1% SDS and heated in SDS buffer at 95°C for 2 min. Following centrifugation at 10,000 rpm in a Beckman JA-20 rotor, the supernatants were electrophoresed on SDS-polyacrylamide gels. Gels were dried and exposed to Kodak XAR-5 film as previously described.
RESULTS
Optimal temperature for hsp induction. The optimal temperature of the water bath for the induction of the heat shock response for the Neisseria gonorrhoeae clinical isolates RDH40, RDH68, RDH88, and R-10 was found to be 44.5°C. (Fig. 2) . The 1% Sarkosyl-insoluble preparations of outer membrane proteins in Fig. 1 (panel 2) demonstrate the presence of three hsps, namely, gonococcal hsps 3, 4, and 11, which can be identified on subsequent 2-D gels ( Fig. 2  and 3 2-D gels (they could represent composite images of several proteins of nearly identical mobility), we have not assigned numbers to them. Figure 2 , a 2-D autoradiogram of total protein of nonheat-shocked gonococci of strain RDH40 (panel A) and heat-shocked gonococci (panel B), demonstrates the presence of additional hsps that cannot be consistently resolved by SDS-PAGE in one dimension only. These hsps are designated gonococcal hsps 1 to 10. The protein designated as "r" is used as an internal reference comparison control. This protein is found in both total-protein and 1% Sarkosylinsoluble preparations, and its rate of synthesis is not significantly altered at the temperatures used in these experiments. autoradiograms of extracts shown in Fig. 2 . In addition, two new hsps are visible in this preparation (Fig. 3) , designated gonococcal hsps 11 and 12, whose presence is not clearly seen in Fig. 2 . Of these four hsps, gonococcal hsp 3 is not as enriched in amount as the other 1% Sarkosyl-insoluble hsps appear to be. A possible explanation for this will follow in the Discussion.
In an effort to identify as many gonococcal hsps as possible, we compared hsps of E. coli with those synthesized by the gonococcus by using identical gel conditions foi -irst and second dimensions (16) . The 2-D mobilities of the -oli hsps DnaK, GroEL, GrpE, and GroES were found '!uo be almost identical to those of the gonococcal hsps 2, 3, 5. mnd 6, respectively. This finding suggests that these four protQb:ins may have been conserved between species. To be absolutely certain of the correspondence of these gonococcal proteins to those of E. coli, one cannot simply rely on their relative mobilities in one-dimensional and 2-D gels. One available method is that of Western blotting analysis. Such evidence for the relatedness of two of these proteins follows.
Antigenic relatedness of hsps in different microorganisms. Because hsps are widely conserved in nature, we chose to examine the antigenic cross-reactivity between two hsps of E. coli, DnaK and GroEL. Western blot analysis of the proteins from E. coli and from several gonococcal strains (Fig. 4) was performed with immune polyclonal rabbit sera raised against purified DnaK (panel A) and GroEL (panel B) proteins of E. coli (6, 29) . All strains used in Fig. 4 Figure 4B , which uses the same strains as in Fig. 4A , shows a similar degree of antigenic crossreactivity with GroEl antibody with a protein of approximately 66,000 molecular weight. Immunoprecipitation with anti-DnaK antibody demonstrated that the antibody was directed against the hsps (Fig.  5) (19) . These proteins appear to elicit an antibody VOL. 58, 1990 ."AL, M. 4 m * W response during natural infection but do not appear to be present when gonococci are grown on enriched iron-supplemented medium, which is typically used for the growth of gonococci in vitro. When gonococci are grown under anaerobic conditions, at least three proteins, Pan 1 to Pan 3, are induced (7) .
As demonstrated here, stress of a physical (thermal) nature induces increased synthesis of hsps in gonococci. Four of these proteins appear to be associated with the 1% Sarkosyl-insoluble membrane fraction, as judged by 2-D PAGE. hsp 3 is not recovered in proportional amounts in the 1% Sarkosyl-insoluble preparations, which typically increase representation of other known outer membrane proteins such as gonococcal protein 1 (data not shown). Recent reports have demonstrated that GroEL, a cytoplasmic hsp, is a chaperone protein that maintains precursor proteins in a competent conformation for translocation across membranes either to be assembled in the outer membrane (OmpA) or to be secreted (P-lactamase) (4, 12) . The presence of gonococcal hsp 3 (the GroEL equivalent), which is presumably a cytoplasmic protein, in the 1% Sarkosylinsoluble fraction may be the result of its association with proteins transported across the cytoplasmic membrane.
That four of these hsps are found in the 1% Sarkosylinsoluble fraction indicates that they have the potential to interact with genital mucosal cell surfaces and with the immune system. We are currently investigating this possibility. The induction of synthesis of this class of proteins in response to thermal stress is very rapid, which could be advantageous to a mucosal pathogen if stresses are sufficient to induce this response in vivo. Gonococcal hsps have not been thoroughly characterized, and their function in the gonococcus or role, if any, in disease pathogenesis had not been elucidated.
While the thermal conditions (44.0 to 44.5°C) which were determined to induce the synthesis of these stress-induced proteins in gonococci are not particularly clinically relevant, many other stresses of a physical and chemical nature (viruses, oxidizing agents, and reducing agents) have been shown to induce the same type of protein synthesis response in a diverse group of cell types (8, 13, (20) (21) (22) . It is possible that the types of stresses that the gonococcus survives on mucosal surfaces, i.e., the contents of polymorphonuclear cells and the acidic vaginal pH, could theoretically induce production of a class of proteins that protects it from further stress and enhances its survival as a facultative intracellular parasite. That these hsps are important to the survival of gonococci and other microorganisms is suggested by their having been highly conserved in evolution. The observation that some hsps appear to have common antigenic determinants among bacterial species and strains makes their consideration as vaccine candidates of particular interest (28) . This study should provide a basis for further investigation into the physiologic and potentially pathogenic role of gonococcal hsps during experimental infection in organ culture and cell culture systems and in natural infection.
